Two commonly applied single extractions procedures, namely extractions with ammonium-EDTA and acetic acid, were evaluated based on the analysis of 72 samples from alluvial sediments. For most trace elements (Cu, Zn, Cd, Ni, As, and Pb), a significant linear relationship could be established between their ammonium-EDTA or acetic acid extractable concentrations and their total concentrations, the organic carbon content, pH, and Fe , Al, and/or Ca content in the sediments. The scientific understanding of trace element partitioning in the complex soil-water system with these simple models is rather limited, but they offer the opportunity to use data from single extractions in a more comprehensive way. Despite the fact that these extractions cannot directly be related to the bioavailability of elements, they can provide input data for use in risk assessment models. Additionally, they also offer possibilities to perform a fast screening of the mobilizable pool of elements in soils and/or sediments.
Introduction
The contamination of soils and sediments is widespread and is a potential threat for the environment in the short and long term. The impact of trace elements in soils and sediments on the environment depends on their speciation, mobility, and bioavailability. Over the past decades, the term "heavy metals" has increasingly been used, without any consistency to denote trace element contamination of environmental media. An overview of the use of the term "heavy metals" in scientific dictionaries and relevant literature can be found in Duffus [1] . Since "heavy metals" is a poor scientific term and many alternatives exit [2] , we will use the term "trace elements" in the present study to refer to As, Cd, Cu, Cr, Ni, Pb, and Zn. Talking about trace metals would be incorrect because arsenic is actually a metalloid.
Before discussing the different methods for determination of "trace element" availability in soils and/or sediments and before addressing the pros and cons of single and sequential extraction procedures, the difference between soils and sediments will be clarified, as well as the terminology used throughout this paper.
Soils versus Sediments.
Soils and sediments are different matrixes from many viewpoints, especially under the environmental context. "Soil" can be defined as a "threedimensional body with properties that reflect the impact of climate, vegetation, fauna, and topography on soils parent material over a variable time span. Soils are still in a process of change. As a result of "soil formation" or "pedogenesis," soil profiles show signs of differentiation or alteration of the soil material [3] ." "Sediment" can be described as "material that is transported by water and settles down from the water column [4] . In freshly deposited alluvial sediments, signs of differentiation or alteration of the material are sometimes not yet observable." Nevertheless, in soil classification, specific designations are foreseen for this kind of "material": alluvial soils can often be classified as Fluvisols, which "exhibit a stratified profile that reflects their depositional history or an irregular layering of humus and mineral sediments in which the content of organic carbon decreases with depth [5] ." The qualifiers fluvic and spolic are used to indicate, respectively, the regular deposition of fresh sediments or the deposition of dredged sediments on a soil.
Applied and Environmental Soil Science
Throughout this paper, the term "sediment" will be used to indicate both the river sediments and the alluvial soils that consist of dredged-sediment derived soils and overbank sediments, regardless of their specific origin (e.g., overbank flooding, dredged-sediment derived soils, etc.), the degree of alteration, or the catchment width.
Trace Element Mobility in Soils and
Sediments: Experimental Approach. "Trace element mobility" is an operationally defined term, which is determined by an approach used to determine the mobile, labile, or available metal species in soils and sediments. Although spectroscopic tools such as X-ray adsorption fine structure (XAFS) spectroscopy can give information on the coordination chemistry of metals (e.g., [6] ), the quantification of the most mobile species is still difficult.
The composition of soil pore water is important from an environmental point of view because it gives an indication of the "actual mobility" of trace elements and because the uptake of trace elements by plants occurs via the pore water. Moreover, pore water is also the carrier for elements to the groundwater. Leaching is the process by which inorganic or organic contaminants in the pore water are moved to deeper soil layers or to the groundwater by infiltrating water. However, the pore water composition only gives a momentary picture of trace element mobility since pore water composition can change over time. To assess trace element mobility in the long term (referred to as "potential mobility," including physicochemically and biologically available metal pools) and under changing environmental conditions a variety of leaching and extractions tests are used. According to Peijnenburg et al. [7] , three approaches can be distinguished to quantify physicochemically and biologically available metal pools in the soil: (1) direct measurement or modelling of metal activities, (2) assessment of operationally defined element fractions by means of single and sequential extractions, and (3) application of semipermeable devices, such as ion exchange resins/membranes and toxicity tests with membrane devices. For example, the in situ technique of diffusive gradients in thin films (DGT) is used for measuring effective soil solution concentrations and the additional element concentration supplied from the solid phase.
The direct measurement of metal activities in pore water is rather complex, and there is not always an agreement between measured and model concentrations of free metal ion activities [8] . Several investigations have also been performed to compare the results of diffuse gradients in thin films (DGT) with single and sequential extraction methods. Roulier et al. [9] compared the mobilisation of Co, Cd, and Pb in sediments using DGT and sequential extractions and found a correlation between the masses of metals trapped in DGT resins and the metals extracted during sequential extractions. Other authors concluded that the DGTmethodology did not have an additional value in predicting bioavailability of zinc [10] or uranium [11] in terrestrial ecosystems as compared to conventional extraction methods. Nevertheless, the DGT measure of trace elements provides a promising indicator of their toxicity [12] , but interacting effects should first be clarified before DGT can be used in routinely risk assessment of soils and sediments.
The present work will focus on the second approach, with emphasis on two commonly applied single extractions procedures, which will be critically evaluated.
Single and Sequential Extractions.
Single and sequential extractions provide semiquantitative information on element distribution between operationally defined geochemical fractions. Therefore, the fractions obtained from single and sequential extraction do not necessarily reflect true chemical speciation. The different extractions are often intended to simulate processes in nature, such as acidification or oxidation. However, the physicochemical conditions in single and sequential extraction experiments (strong reagents and rapid reactions) often differ from natural conditions (weak reagents and slow reactions) [13] . Although leaching techniques such as column leaching and pH stat leaching tests are probably more realistic to field conditions, single sequential extractions can give an indication of the "pools" or "sinks" of trace elements that are potentially available under changing environmental conditions.
From a practical point of view, the main drawbacks of sequential extraction procedures are that they are rather laborious and time-consuming. Moreover, not all the steps in a given procedure are equally important in soil or sediment samples with different composition. Sometimes, one is not interested in the association of a metal with different phases in soil but wants to estimate the environmental risks of trace elements, for example, the availability to plants. In recent years, attempts to improve single and sequential extractions towards higher selectivity and higher operational efficiency has been achieved. With respect to this more problemorientated approach, Maiz et al. [14] proposed a short extraction scheme only considering mobile ("exchangeable": CaCl 2 ), mobilizable (DTPA), and residual forms. Gómez Ariza et al. [15] developed an improved extraction scheme for heavily polluted and iron-oxide-rich sediments, using repetitive extractions with NH 2 OH·HCl 0.4 mol/L.
The most common problems with sequential extractions are the nonselectivity of reagents and readsorption phenomena [16, 17] . Besides the measurement of elements in the extracts, the analysis of the solid phase (X-ray diffraction, energy dispersive spectroscopy, and microprobe analysis), after extraction with a reagent, can give information on the selectivity of the reagent and the completeness of reaction [18] [19] [20] [21] [22] [23] [24] . The extraction of model solid phases can also yield information of the selectivity and efficiency of reagents in the different steps of a sequential extraction scheme (e.g., [15, 25, 26] ). La Force and Fendorf [23, 24] concluded that sequential extractions should not be universally applied to all soils but need to be evaluated on a site basis for a given soil. Therefore, optimization of a given extraction (concentration of reagents, sequence, and reaction time) is required. On the other hand, standardization of these procedures is the only way to achieve comparability when using sequential extractions [27] . In the past decade, much effort has been made to evaluate sequential extraction schemes. The best example is the BCR sequential extraction scheme, a simple [29, 30] , the reducing extraction (NH 2 OH·HCl) in the BCR sequential extraction scheme was found to suffer from a lack of reproducibility. After testing different reaction conditions (concentration of the reagent, pH), the NH 2 OH·HCl concentration was changed to 0.5 M and the pH of the reagent was adjusted to 1.5 by the addition of a fixed volume of HNO 3 . Finally, different extraction procedures, applied on the same sample, are often compared to select the procedure that is most suited for the soil or sediment of concern (e.g., [15] ). However, the direct comparison between methods is difficult to carry out, especially when different reagents are applied to extract a specific phase or when reagents with different concentrations are used in the methods to be compared.
Single Extractions Applied in the Present Study.
Single extractions represent a relatively fast, cheap, and simple way to assess trace element mobility in contaminated soils and sediments. Depending on the objectives of the extraction, water, diluted salt solutions, or stronger reagents such as EDTA are used. Single extractions are also widely applied in soil science for the quantification of the amount of Fe and Al oxides in soils. Gupta et al. [31] presented a risk assessment and risk management guideline concept to handle contaminated soils or sites. Mobile and mobilizable metal fractions were introduced, which can be separated by means of single extractions. These fractions are operationally defined by the method used to separate them. The mobile fraction is equivalent to the "actually available" metal fraction, while the mobilizable fraction is related with the potential availability of trace elements in soils and sediments.
1.4.1. EDTA. EDTA extractions are often used to estimate the potentially available pool (i.e., the pool that can deliver metals from the solid phase of the soil to the soil solution in a relatively short time period). EDTA exhibits a strong capacity to complex metals. EDTA was shown to dissolve carbonates, thereby mobilizing occluded elements [32] . Borggaard [33] showed that EDTA extracts amorphous Fe oxides, but this dissolution is very slow in the presence of other metal-chelate complexes [34] . It is also able to form organometal complexes, which compete with organic matter in soil. Several authors mention that an extraction with EDTA provides results similar to the sum of all of the extractable metals in a sequential extraction scheme (total content minus the load associated with the residual phase) [35] .
Different types of EDTA salts are used to extract soils and sediments, in different concentrations and at different solid/liquid ratios. Additionally, EDTA can be applied to soils and sediments by percolation in column leaching tests (e.g., [36, 37] ) or in batch extractions. Some examples of the different operational conditions of batch EDTA extractions are given in Table 1 . Sodium-EDTA and ammonium-EDTA are the most frequently used EDTA salts, whereas EDTA as a free acid is rarely used to extract soils and sediments.
Zou et al. [38] investigated the influence of different EDTA salts (EDTA free acid, Na-EDTA, and NH 4 -EDTA) at different concentrations and pH values. The extraction efficiency of EDTA decreased with increasing pH in the pH range 2-10, and consecutive extractions with diluted EDTA solutions are more effective than a single extraction with a concentrated solution [38] . The tetrasodium salt (Na 4 -EDTA) is less effective for heavy metal removal compared to the disodium salt (Na 2 H 2 -EDTA) [39] . According to Finžgar and Leštan [40] , multiple dosages of EDTA were substantially more effective for leaching Pb from contaminated soils than using one large single dose. Similarly, two extractions with EDTA (5 mmol EDTA/kg) removed more Cu than a single dose of 10 mmol/kg EDTA.
Additionally, besides the type of EDTA salt, the pH, and the liquid/solid ratio, time is an important variable that influences the results of EDTA extractions. Bermond and Ghestem [43] used a kinetic fractionation method to monitor the EDTA extraction of soil elements versus time. They assumed the existence of two sorts of metallic cations, that is, labile cations-that were quickly extracted, and the slowly or moderately labile cations that were less quickly released. The reactions were considered as pseudo-first-order reactions since the EDTA reagent was in excess and described by a first-order equation [44] .
The effectiveness of EDTA salts to extract trace elements from soils and sediments is very variable, not only depending on extraction conditions but also on the composition of soils and sediments and on the speciation of trace elements.
Because of the relatively low cost of EDTA, soil washing with EDTA, both as an in situ and ex situ remediation technique, has been evaluated by many researchers.
EDTA can effectively remove Cd, Cu, Pb, and Zn from soils with removal efficiencies ranging between 65 and 86% [45] . However, due to possible adverse health and environmental effects, the use of EDTA is currently under scrutiny. Kalf et al. [46] determined the maximum permissible concentration (MPC) and negligible concentration (NC) for EDTA in water, based on the EU risk assessment report for this compound. The maximum permissible concentration (MPC) for EDTA in water is 2.2 mg/L, and the negligible concentration (NC) is 0.022 mg/L. Calculation of MPCs for sediment or soil was not possible due to the complex speciation of EDTA in soils and sediments.
Since the toxic wastewaters that are generated during soil washing with EDTA cannot be treated using conventional methods such as filtration, flocculation, and precipitation [47] , several methods such as electrochemical advanced oxidation [48] or resin trapping techniques [41] have been tested to recuperate the washing solutions or to clean the wastewaters containing EDTA.
Acetic Acid.
Extractions with acetic acid or with acetate salts are often carried out as one of the first steps in a sequential extractions scheme. A 1 mol/L sodium acetate solution, acidified to pH 5, and 0.11 mol/L acetic acid are the most widely used reagents to determine "acid extractable" metal concentrations in sequential extractions schemes: sodium acetate is used to determine the "carbonate fraction" in the Tessier sequential extraction procedure [49] , whereas the first step of the BCR sequential extraction procedure [50] consists of an extraction with 0.11 mol/L acetic acid.
One of the major parameters that influence the selectivity of reagents during single and sequential extractions is the pH of the extracts. 0.11 mol/L acetic acid (step 1 in the BCR sequential extraction scheme) is supposed to release "exchangeable" elements and to dissolve some poorly crystalline hydroxy-and carbonate-metal phases [32] . It is of major concern that this extraction is as complete as possible since pH and changes in pH during extractions are key parameters that determine the potential redistribution of trace elements during (sequential) extractions [43] . The extraction with acetic acid 0.43 mol/L allows an estimation of the metal fraction remobilized after acidification of the soil to the pH of the extracting agent [51] .
Single Extractions of the SM&T Program.
The European Standards, Measurements and Testing program (SMT), formerly BCR (European Community Bureau of Reference in Brussels) supports standardization. Between 1996 and 2000, BCR has sponsored studies of soil extraction procedures for trace element speciation conducted by a Working Group of some 35 European laboratories. These studies included the evaluation of single extracting agents for trace element speciation. Within the framework of harmonization of leaching procedures for risk assessment of trace elements in soils, the SM&T performed an extensive collaborative study, which resulted in the selection of ammonium-EDTA 0.05 mol/L and CH 3 COOH 0.43 mol/L (extract the "mobilizable fractions," indicating the "potential availability") as soil extracting agents [50] .
In the present study, "potentially mobile" fractions of trace elements in a set of 72 sediment samples with different degree of contamination, major element composition, grain size, organic carbon content, and pH, were separated by means of single extractions that were recommended by the SM&T of the European Commission. The results of both extractions were compared, and the relationships between the extractability of trace elements and the composition of the sediments samples (degree of contamination, major element composition, grain size, organic carbon content, and pH) were investigated and quantified when possible. Finally, different possible uses and interpretations of the acetic acid and ammonium-EDTA extractable trace element fraction are critically discussed.
Methodology

Sampling and Sample Pretreatment.
The samples analyzed in this study consist of river sediments, alluvial soil samples (land disposed dredged sediments and overbank sediments) from 10 different locations in Flanders (Northern Belgium). Throughout this paper, the term "sediment" will be used to indicate both the river sediments and the alluvial soils that consist of dredged-sediment derived soils and overbank sediments. The river sediments (3 samples) were sampled with a Van Veen Grab, taking the uppermost 5 cm of the sediment surface. For the alluvial soil samples, profile pits were dug until the depth of the water table and 3 to 5 samples were taken, depending on visual differences in color and texture. During sampling, precaution was taken to minimize metal contamination from the grab or the spade, for example, the outer part of the sediment sample was removed and only the inner part was further processed. In total, 72 samples were collected in plastic bags and transported to the laboratory, where they were air-dried. For the physicochemical analysis, part of the sample was gently disaggregated in a porcelain mortar and sieved (<2 mm).
Physicochemical Sample
Characteristics. pH(H 2 O) was measured in a soil/water suspension (1/2.5 kg/L) (pH Hamilton single-pore electrode). Organic carbon was determined according to the Walkley and Black method [52] , and effective cation exchange capacity (CEC) was analysed for applying the "silver thiourea method" [53, 54] . Grain size composition was determined by means of laser diffraction spectrophotometry (Malvern Mastersizer S long bed, Malvern, Worcestershire, UK). For practical reasons, CEC and grain size distribution analysis were only performed on 34 samples. Total element concentrations (Al, As, Cd, Co, Cr, Cu, Ni, Pb, Zn, Fe, Mg, Mn, K, and Ca) were determined after dissolution of the samples with a mixture of three concentrated acids (4 mL HCl conc , 2 mL HNO 3conc , and 2 mL HF conc ).
Reagents.
All reagents used were of analytical grade Suprapur quality (acetic acid from Riedel-de Haën, NH 3 and EDTA from Merck).
The 0.05 mol/L ammonium-EDTA extracting solution was prepared as an ammonium salt solution by adding in Applied and Environmental Soil Science 5 a fume cupboard 146.12 ± 0.05 g of EDTA free acid to 800 ± 20 mL distilled water and by partially dissolving by stirring in 130 ± 5 mL of concentrated ammonia solution until all the EDTA was dissolved. The obtained solution was filtered (2.0 μm) into a 10-litre polyethylene container and diluted with water to 9.0 ± 0.5 L. The pH was adjusted to 7.00 ± 0.05 by addition of a few drops of hydrochloric acid. Finally, the solution was diluted with distilled water to 10 ± 0.1 L, well mixed, and then stored in stoppered polyethylene container.
The 0.43 mol/L acetic acid extracting solution was prepared by adding 250 ± 2 mL of redistilled glacial acetic acid in a fume cupboard to about 5 litres of distilled water in a 10 L polyethylene container. The solution was diluted with distilled water to 10 L volume, well mixed, and then stored in a stoppered polyethylene container.
Standard solutions for FAAS were made by serial dilution of 1000 μg/L standard solutions (Merck) of the appropriate elements. Standard series for ICP-MS were made, starting from the "10 ppm multielement calibration standard 2A in 5% HNO 3 " from Hewlett Packard.
Single Extractions.
For the ammonium-EDTA and acetic acid extraction, the protocol of the SM&T program [27] was followed. 20 mL of a 0.05 mol/L ammonium-EDTA solution was added to 2 g of dry sediment. The suspension was shaken for 1 h in a reciprocal shaker, centrifuged (3500 rpm, 10 min), decanted off, and filtered (0.45 μm). 40 mL of a 0.43 mol/L CH 3 COOH solution was added to 1 g of dry sediment. The suspension was shaken for 16 h in a reciprocal shaker, centrifuged (3500 rpm, 10 min), decanted, and then filtered (0.45 μm). After measuring the pH, the CH 3 COOH extracts were acidified with concentrated HNO 3 to bring the pH < 2. The EDTA extracts were not acidified prior to analysis to prevent precipitation of EDTA salts at very low pH. A Reference material (CRM 483) certified for its ammonium-EDTA and acetic acid extractable content of Cd, Cr, Cu, Ni, Pb, and Zn was also included in quadruplate. Blank extractions (i.e., without soil or sediment) were carried out for each set of analysis, using the same reagents as described above.
Analysis of the Leachates.
The solutions were analysed by flame atomic adsorption spectrometry (FAAS) (Varian Techtron AA6) for Ca, Fe, K, and Al. For As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn a multielement analysis by ICP-MS (HP 4500 series) was carried out. All samples were diluted with HNO 3 1 mol/L (ultra pure) to maintain a comparable matrix for all samples.
For measurement of the single extraction leachates, standard solution series were made in such away that they contained the same proportion of the respective extraction solution and background. All glassware was thoroughly cleaned with HNO 3 0.15 mol/L. Reagent blanks were determined for each new batch of reagent. Detection limits were calculated according to the procedure in the HP 4500 Application Handbook. Except for Ca (10 μg/L) and for Fe (3 μg/L), the detection limit was generally below 1 μg/L. An indium (In) internal standard was applied to both samples and standards to minimise the influence of nonspectroscopic interferences such as signal suppression or enhancement when measuring samples with a high matrix concentration. The spectroscopic interference of ArCl, which has the same m/z as As (75) , was corrected according to the recommendations of the US Environmental Protection Agency (EPA) (method 200.8, [55] ). The pH of the extracts was measured with a pH Hamilton single-pore electrode.
Statistical Analysis.
Statistical analysis was performed with the software package SPSS 18.0 for Windows. Descriptive statistics (average, median, minimum, maximum, and standard deviation) were calculated for each variable. The normal distribution of the variables was checked by means of the Kolmogorov-Smirnov (K-S) test, and correlations between variables were tested by calculating two-tailed Pearson's correlation coefficients. An α-value of 0.01 was adopted at the critical level for all statistical testing, giving a 99% confidence level. One-way ANOVA was performed to investigate whether there was a difference between both reagents concerning the ability to extract elements from the sediments.
Finally, stepwise multiple linear regression was performed to deduce possible causal relationships between the variables. Attention was mainly paid to the possibility of predicting trace element concentrations in the ammonium-EDTA and acetic acid extracts based on trace element content, major element composition, pH, and organic matter content. Different assumptions of the linear regression (normality of the de residues, autocorrelation, quasi-multicollinearity (QMC), and heteroscedasticity) were tested.
For the statistical analysis, the recommendations of Webster [56, 57] (reporting mean values with standard errors, performing linear regressions, etc.) were taken into account.
Results and Discussion
Certified Reference Materials.
Certified reference materials, which are also called standard reference materials, are used for the verification of the accuracy of analytical procedures following strict extraction protocols [58] . In the present work, single extractions (with ammonium-EDTA 0.05 mol/L, acetic acid 0.43 mol/L) were performed on two certified reference materials that were developed within the framework of the SM&T program, namely, BCR 701 and CRM483.
Total concentrations of Cd, Cr, Cu, Ni, Pb, and Zn were determined in reference material BCR-701 [59] by dissolution with 3 concentrated acids (HF, HCl, and HNO 3 ) ( Table 2) . Although the extraction procedure is different from the aqua regia extraction, the own values were within 1 standard deviation of the indicative values, except for Cu.
CRM 483 is a sewage-sludge amended soil that was collected by multiple sampling to a depth of 10 cm [60] . Within the framework of harmonization of leaching procedures for risk assessment of trace elements in soils (SMT program), the reference material CRM 483 was certified for its ammonium-EDTA and acetic acid extractable contents [28] . A good agreement was obtained between the own and indicative/certified values for the ammonium-EDTA extractions (Table 3) . Experimental values always differed by less than 1 standard deviation from the certified values.
The results of the acetic acid extraction, however, were systematically lower than the certified values. This can be related to the fact that a reciprocal shaker was used instead of an end-over-end shaker, as recommended by the SM&T procedure. The shaker speed and the use of an end-over-end shaker (instead of a reciprocal shaker) are considered to be important parameters since they represent factors that condition the maintenance of the samples in suspension during extraction. During the comparison of trace element extractability in sample CRM 483, the results obtained from the reciprocal shaker were systematically too low [31] . Therefore, the centrifuge bottles were placed in the shaking device with an inclination of approximately 45
• . This modification allowed a better suspension of the sediments during extraction. For the ammonium-EDTA extraction, for which 2 g of material was suspended in 20 mL of solution in a 50 mL centrifuge tube, the samples were maintained in suspension during extraction. However, during the acetic acid extraction, 1 g of material was suspended in 40 mL of solution in a 50 mL centrifuge tube, resulting in a less efficient suspension of the material because of the higher amount of liquid in the centrifuge tube. This may explain the deviating results of the acetic acid extractions.
General Sample Characteristics.
The 72 samples represent a variety of sediments with different contents of major elements, trace elements, organic carbon, and pH. The pH of the samples investigated in this study was in the range 5.3-8.1 ( Table 4 ). The grain size distribution of the samples varied from clayey to sandy, and cation exchange capacity (CEC) was between 7 and 38 cmol/kg (not in Table 4 ). A significant positive linear correlation (R = 0.760) was found between CEC, on the one hand, and the organic carbon and Al content (which can be used as a proxy for the clay content), on the other hand. Since CEC was not determined for all the samples, it was not included in the further analysis of the dataset. All the samples were polluted with at least one of the following trace elements: Zn, Cd, Pb, Cu, As, and/or Ni. Significant correlations were found (0.01 significance level) between most trace elements (Cr, Cu, Zn, Ni, Cd, Pb, and Co, R = 0.805-0.382). Ca and pH were also positively correlated (R = 0.789), as well as Fe and the organic carbon content (R = 0.456) and Ca and pH (R = 0.860).
With respect to the extraction with ammonium-EDTA, Zn, Cd, Cu, Ni, and As correlated positively with each other, whereas the correlation between pH and EDTA-extractable Al and Fe was negative. Finally, for the acetic acid extraction, a positive correlation was found between the extracted concentrations of Cr, Cu, Zn, Co, and Mn.
Extraction Efficiency.
Single extractions with acetic acid and ammonium-EDTA provide some information on the influence of acidification and complexation on trace element mobility. In general, Zn, Cd, and Ni were sensitive to both acetic acid and ammonium-EDTA, whereas Pb and Cu were more sensitive to an extraction with ammonium-EDTA. The highest average extraction efficiency with acetic acid was obtained for Cd and Zn, while Cu was most effectively extracted with ammonium-EDTA.
The extraction efficiency of both extracting agents was compared in order to assess their ability to release metals from the "weakly bound" element pool of the sediments.
The results from the one-way ANOVA (Table 6) showed that there were significant differences between both extracting agents for Cu, Pb, and Co and for most of the major elements, such as Fe, Al, and Ca. For Cd, Zn, Ni, As, Cr, and Mn there was a similarity between ammonium-EDTA and acetic acid as an extracting agent. Nevertheless, the yields for Cr were negligible.
From Figure 1 , it can be deduced that comparable amounts of Zn and Ni are extracted with both reagents. Slightly more Cd was extracted with acetic acid compared to ammonium-EDTA, while for the trace elements Cu and Pb, ammonium-EDTA was a more effective extracting agent (Figure 1 ). Some samples with a high total content of Zn and Cd, as well as an important EDTA and acetic acid extractable content of Zn and Cd, distort the general relationship between total and ammonium-EDTA or acetic acid extractable content of Zn and Cd. Logtransformed concentrations were used in further calculations (see Section 3.2). The more important release of Cu and Pb by ammonium-EDTA compared to acetic acid is related to the fact that EDTA has a much stronger complexing capacity than acetic acid. The stability constants for EDTA and acetic acid complexes with Cd, Cu, Zn, Ni, and Pb are presented in Table 7 . Complexes of Cd and Zn with acetate are characterised by significantly lower stability constants than Pb and Cu, but this does not compensate for the fact that Zn and Cd are more easily mobilised upon a pH decrease compared to Cu and Pb. The pH of the acetic acid extract is in the range 2.7-3.5, promoting the release of Cd, Zn, and Ni while Cu and Pb are only released in significant amounts at lower pH values.
Since the pH of the ammonium-EDTA extract is fairly constant and almost neutral, trace element release is principally a consequence of complexation reactions. No relationship was found between the formation constants for 1 : 1 EDTA complexes and the slopes of the relation in Figure 1 , indicating that the amount of a metal extracted with EDTA is not only determined by the affinity of the metal to form complexes with EDTA. Besides the complexing affinity of a EDTA for a trace element, the affinity between the sediment and a trace element will also control the desorption by the complexing agent.
According to Papassiopi et al. [39] , the dissolution of calcite can consume EDTA in calcareous soils, lowering the extraction efficiency for trace elements. In general, major cations present in the soil may be one of the factors affecting trace element extraction efficiency [66] . In the present study, important amounts of Fe and Ca were also extracted with ammonium-EDTA (Table 5) , possibly affecting the extraction efficiency of the reagent.
The comparison of "potential availability" of trace elements by different and single extractions (acetic acid or ammonium-EDTA extractions as defined by the SMT program) is not completely straightforward since operational conditions (L/S ratio, extraction time, etc.) and reagents are different. The estimation of the potential (long-term) trace element availability is thus operationally defined by the extracting agents used. van der Sloot et al. [51] mention that the acetic acid and ammonium-EDTA extractions release 8 Applied and Environmental Soil Science 16.3 [64] an amount of Zn and Cd that is very similar to the amount leached at pH 4 in a 24 h pHstat test, L/S = 5 L/kg). However, this seems to not be the case in a more heterogeneous dataset with samples with very different physicochemical characteristics.
The difference between acetic acid and ammonium-EDTA as an extracting agent is particularly interesting for the metalloid As. Although As is generally more easily mobilized when pH increases, acetic acid is capable of extracting a considerable amount of As. Even more As is extracted by acetic acid than with ammonium-EDTA, despite the lower final pH of the acetic acid extract (around Section 3.5). Wenzel et al. [67] also found that only minor proportions of As were extracted by ammonium-EDTA, virtually not contributing to As fractionation. The inefficiency of As extraction by ammonium-EDTA is explained by the fact that EDTA does not form stable complexes with arsenic [68] .
Influence of Sediment Characteristics on Metal Extractability.
The lack of a distinct relationship between total and acid extractable metal concentrations in the present dataset is most likely due to the very different physicochemical and mineralogical characteristics of the samples. In a previous study on land-disposed dredged sediments [69] , acetic acid (0.43 mol/L) extractable Zn and Cd concentrations were linearly correlated with total Zn and Cd concentrations. All the samples originated from the same river catchment and were characterised by and elevated clay and organic carbon content.
The pH after extractions with acetic acid (0.43 mol/L) was in the range 2.2-3.6. The increase in pH after extraction (Figure 2) can be related to the acid neutralizing capacity of the samples. The pH of the EDTA extract was between 4.6 and 7.8, despite the fact that the ammonium-EDTA solution is a buffered solution. Additionally, the difference in pH of the acetic acid extracts before and after extraction showed a significant linear correlation with the (log-transformed) total Ca content of the samples. This can simply be explained by the fact that samples with an elevated acid neutralizing capacity (ANC) usually are characterised by a high CaCO 3 content, which is an important contributor to acid neutralizing reactions in soils and sediments.
Based on the results of the extractions and on the sediment composition, regression equations were constructed using the ammonium-EDTA or acetic acid extractable content of a trace element (Cu, Cr, Zn, Ni, As, Cd, Pb, or Co) as the dependent variable and the total content of the respective trace element (Cu, Cr, Zn, Ni, As, Cd, Pb, or Co), the total content of Ca, Al, and Fe, the pH, and the organic carbon content as independent variables. Because the data were not normally distributed, log-transformed data were used (expect for pH, which is already a logarithmic value). In soils and sediments, Ca is dominantly found in clay minerals and in carbonate minerals (e.g., CaCO 3 ). Fe is a major component of Fe(hydr)oxides, but is also a constituent of clay minerals. Al is often used as a proxy for the clay content in soils and sediments. Rodrigues et al. [70] found that the variation of the total Al in soil content in soil and sediments expresses the sorptive capacity of aluminosilicates and Al oxides at the surfaces and edges of clay minerals better than the actual variability of clay contents. For most trace elements, the independent variables (total concentrations of trace metals, Al, Fe, Ca, organic carbon (OC), and/or (pH)) were significant in predicting the dependent variable (ammonium-EDTA or acetic acid extractable concentration) when the level of significance is below 0.05. For almost all trace elements, the total content was the most important predicting variable. For the ammonium-EDTA extractable content of Zn, Ni, Cd, and Pb, the organic carbon content was also an important predicting variable, which can be related to the fact that EDTA is able to form organometal complexes, which compete with organic matter in soil. The predictive value of total Al and Fe concentrations differed among different trace elements.
For Zn, Ni, As, and Cd, the total Ca content was an explaining variable for their acid extractable content, besides the total content of these elements, whereas the predictive value of Fe and Al was less important.
In the present study, the "EDTA extractable pool" of Cu was not significantly affected by the major elements and organic carbon content of the sediments since the EDTA extractable fraction of this element was found to be proportional to its total content (Table 8 ). For the amount of Cu extracted with acetic acid, pH was also a significant explaining variable, together with the total Cu content of the sediments.
A linear correlation between EDTA extractable and total concentrations of Cd, Zn, Cu, and Pb has been mentioned in several other studies [71, 72] . McGrath [73] mentioned that the amount of Cd, Cu, and Ni extracted by EDTA from 7 polluted and unpolluted Irish soils was related to total metal content, while the EDTA extractable Zn content was related to organic carbon. Filipek and Pawlowski [74] also mentioned a positive relationship between EDTA extractable Cu and organic carbon in soils, a relationship not observed in our dataset. [75] . In these models, besides soil properties-such as pH, organic carbon content, and CEC-total elements concentrations are often used to predict dissolved elements concentrations (i.e., elements concentrations in the pore water). However, several authors [76, 77] used extractions with HNO 3 (0.43 mol/L), HCl, or EDTA to estimate the available pool of an element for use in solid-solution partitioning modeling, instead of using total metal concentrations. In a study of Cappuyns et al. [78] , ammonium-EDTA extractable metal concentrations were used instead of total metal concentrations. Stepwise multiple linear regression was performed with pH(CaCl 2 ), organic carbon content, clay content, CaCl 2 extractable element concentrations, dissolved organic carbon (DOC) content in de CaCl 2 extracts, and ammonium-EDTA extractable element concentrations. With this model, in which the EDTA extractable element fraction represented the "available" pool of the element, Cd and Zn concentrations in the pore water could be predicted very well, based on pH, organic carbon content, and EDTA extractable Zn and Cd concentrations. Rodrigues et al. [79] derived Freundlich-type models based on commonly available soil properties (pH, organic carbon, and clay) as well as extended models that used other properties such as amorphous Al and Fe oxides and evaluated their possible use in risk assessment. The approach enabled the prediction of the reactivity of potentially toxic elements.
Potential Use and
Empirical partition relations can be useful to describe metal partitioning in soils, especially in large-scale applications, and offer the advantage that they are simple to understand and can be used by nonexpert users [80] .
Relation between EDTA Extractable
Metal Concentrations and Plant Uptake? For trace elements, total concentrations in soil are mostly used as an input in risk assessment models. However, trace elements in contaminated soil are rarely released completely as only a portion of trace elements is "bioavailable" or "geoavailable" (which means that the elements can be released and become available for biological uptake). Several authors claim that extractions such as extractions with EDTA and acetic acid can be used to evaluate the bioavailable fraction of an element in soil. However, the interpretation of the term "bioavailability" can vary widely as the availability and uptake of elements will also depend of the type of organism (plant, earthworm). EDTA salts have mainly been used to assess the availability of metals to plants, since they are believed to mimic rhizosphere effects in the soil. For example, a study of Bakircioglu et al. [81] indicated the extractable Pb and Ni of soils by EDTA single extraction procedures were significantly correlated with the metal contents of wheat grains. According to Anyanwu et al. [82] , EDTA can be used to quantify the empirical relationships between plant uptake and soil metal contents.
In another study, a significant positive correlation was found between EDTA extractable metals and metal accumulation in the shoot of Brassica juncea L. [83] . However, other studies (e.g., [84] ) showed that extracting agents such as EDTA can not be used as universal soil extraction for estimating Cu, Zn, and Ni uptake by barley. Peijnenburg et al. [85] made an overview of empirical methods for extraction of metals from soils as a surrogate for bioavailable and bioaccessible metal pools. They concluded that the value of these chemical methods for measuring bioavailability can be significantly improved when the species, metal, and soil specific aspects of bioavailability are more accurately taken into account.
Estimation of "Available Element Fraction" for Use in
Risk Assessment and LCA. In the case of remediation projects for soils and sediments, trace element "availability" is also an important consideration since only a portion of the total metal load in soils or sediments can be considered as "geoavailable" or mobile. In a risk-conservative approach, it is assumed that all the metals contained in a solid matrix (soil, sediment, waste material, etc.) will be released. When this "total metal content" is used as an input in life cycle analysis (LCA), this will most likely result in an overestimation of the risk associated with the trace elements. Additionally, LCA typically covers an extended period of time (depending on the life cycle of a product or process), so long-term trace element emissions have to be assessed. The assessment of trace element released from soils and sediments on the long term is still controversial. Several methods and procedures have been proposed to estimate the long-term emissions of trace elements contained in soils, sediments, and waste materials, but there is no consensus as to which method performs best [86] . Extractions with "mild" reagents such as ammonium-EDTA and acetic acid can be useful to estimate "geoavailable" element concentrations in soils and sediments, and they have the advantage that they are relatively easy to perform.
Conclusion
The present study shows that both ammonium-EDTA and acetic acid have a different capacity to extract elements, depending on the elements and on the characteristics of the matrix that is being extracted (sediments in this case). The estimation of the potential (long-term) trace element availability is operationally defined by the extracting agents used. Making the comparison of "potential availability" by different single extractions (acetic acid or ammonium-EDTA extractions as defined by the SMT program) is not completely straightforward since operational conditions (L-S ratio, extraction time, etc.) and reagents are different.
For most trace elements (Cu, Zn, Cd, Ni, As, and Pb), a significant linear relationship could be established between their ammonium-EDTA or acetic acid extractable concentrations and their total concentrations, organic carbon content pH, and Fe, Al, and/or Ca content. The scientific understanding of trace element partitioning in the complex soil-water system with these simple models is rather limited, but they offer the opportunity to use data from single extractions in a more comprehensive way.
Although single extractions with extracting agentssuch as ammonium-EDTA and acetic acid that aim to extract the "mobilizable" pool of elements from soils and sediments-can be statistically related to soil properties, they are primarily determined by the total element content in the soil or sediments. Despite the fact that single extractions with ammonium-EDTA and acetic acid cannot directly be related to the bioavailability of elements, they can provide input data for use in risk assessment models. Additionally, they also offer possibilities to perform a fast screening of the mobilizable pool of elements in soils and sediments.
